ABSTRACT As a potential alternative to conventional non-contact bearings, ultrasonic bearings are especially suitable for high-speed power machines and the torque-testing devices within a small range. The friction characteristics of the proposed ultrasonic bearing are investigated. The friction torques at low speeds and high speeds are measured by pendulum balance method and current feedback method, respectively. By means of time-frequency spectrum analysis to the rotor center's orbits, the running stability of the bearing is studied when the bearing operates at starting or stopping stage and at high speeds. In addition, the influence on the bearing's running stability of some key factors including rotary speed, load on the bearing, and diameter clearance is revealed. The effective measures improving the bearing's running stability at a high speed are presented to guide the bearing's engineering application.
I. INTRODUCTION
Since the traditional contact-type bearings like ball bearings and roller bearings will produce lots of heat, vibration and noises when running at a high speed [1] , [2] , the noncontact bearings are widely adopted in high-speed rotating machines such as aero-engines [3] , machine tools [4] and steam turbines [5] . Common non-contact bearings includes hydrostatic bearings, hydrodynamic bearings and electromagnetic bearings [6] . The hydrostatic bearings support loads using fluid pressure provided by fluid pumps [7] . The layout of pipelines and employ of pumps in the bearing add the complexity and volume of the system [8] . The operation of the hydrodynamic bearings is based on hydrodynamic pressure theory. Only when the bearing runs at a high speed and the rotor is not concentric with the bearing bush, can the hydrodynamic bearing have load-carrying capacity [9] . Thus, serious wear will occur at the start/stop and low-speed stages for this kind of bearings, and inevitable eccentric problem will reduce the motion precision of the bearing [10] . With regard to the electromagnetic bearings, the control of electromagnetic force is complicated. A position feedback system is generally indispensable to ensure the bearing's stable working. In addition, the magnetic leakage and demagnetization have a strong impact on the bearing's performance [11] , [12] .
Near field acoustic levitation is a kind of phenomenon that an object is suspended upon a height of several micrometers by the high-frequency vibration of the other one object under it [13] , [14] . Near field acoustic levitation effect has been used in the field of levitating transportation systems [15] , noncontact ultrasonic motors [16] and levitating gyros [17] , etc. The ultrasonic bearings based on near field acoustic levitation effect suspend the loads depending on the acoustic radiation force. Compared with traditional noncontact bearings, ultrasonic bearings have simpler design process, easier control strategy, smoother start-stop process, and lower operation and maintenance cost. On account of the ability of self-aligning in the radial direction, this kind of bearings have higher limit speeds [18] , [19] .
According to the different loading directions, the ultrasonic bearings can be divided into ultrasonic thrust bearings [20] , ultrasonic journal bearings [21] and ball-shaped ultrasonic bearings [22] , etc. Chang et al. [23] developed an ultrasonic thrust bearing based on a sandwiched piezoelectric transducer. The experimental study revealed that the bearing shows a good performance in load-carrying capacity and antifriction property. Stolarski et al. [24] - [26] presented an ultrasonic journal bearing based on elastic hinge structure which can magnify the vibration amplitude of the piezoelectric stack. This ultrasonic journal bearing can run at a speed of 30000 r/min for 10 min when carries a load of 0.62 N. Wang proposed a tubular ultrasonic journal bearing. Different from ultrasonic journal bearings with the elastic hinges, this kind of bearing generates ideal vibration mode using strengthen structures. A vibration mode similar to triangular shape is motivated by alternating current. When the driving voltage's amplitude is 75 V and the frequency is 16.37 kHz, the generated air film's thickness is about 3 µm [27] , [28] . In order to improve the support system of the gyro, a ballshaped ultrasonic bearing designed by Chen is adopted to reduce the friction torque. A ball-shaped rotor with a weight of 44 g can be levitated at a height of 390 µm by the bearing [29] .
Based on sandwich-type piezoelectric transducers, an ultrasonic bearing with bidirectional load-carrying capacity has been put forward in previous research. The bearing can carry loads in two directions: the radial direction and the axial direction. In the radial direction, the bearing has the ability of self-aligning [30] . Due to the bearing is mainly used in the torque measurement of precise instruments or high-speed and high-precision apparatus, the friction characteristics and running stability at high speeds are investigated in this paper. The experimental study on ultrasonic bearings can not only verify the bearing's operating performance but also guide the bearing's design and improvement.
II. STRUCTURE AND PRINCIPLE OF THE ULTRASONIC BEARING
The piezoelectric transducer is the vibration excitation source of the ultrasonic bearing. As shown in Fig. 1(a) , three transducers are adopted in the bearing, and each transducer has a radiation head with a '' ''-shaped slot. The longitudinal vibrating wave's transmission path in transducers will be changed due to the change of the radiator's sectional dimension. Thus, the longitudinal vibration wave driven by piezoelectric transducer is disintegrated to the longitudinal vibration of the upper concave surface A and the flexural vibration of the two lateral surfaces B1 and B2. The longitudinal vibration produces radial levitation force, and the flexural vibration produces lateral levitation force. Fig. 1(b) shows the levitating forces on the rotor generated by the three transducers. The transducers are set circumferentially, and their enveloping surfaces form the bearing inner ring. The three transducers are designed to be uniform so that the transducer's concave surface can generate identical vibration when they are excited by the same voltage. Due to the near-field acoustic levitation effect, a repelling force in the perpendicular direction is generated to suspend the rotor. The previous investigation have found a significant inverse correlation between the levitation force and the size of bearing clearance. This means that the smaller the bearing gap, the higher the levitation force. As shown in Fig. 1(c) , when the axis of the rotor O 1 deviates from the center O of the bearing, the levitation force F R2 will become large. Conversely, the levitation force F R1 will become small. Eventually, a resultant force F R pointing to the center of the bearing will be generated. Thus, the bearing's levitation force will automatically keep the rotor at an equilibrium position.
III. FRICTIONAL CHARACTERISTICS EXPERIMENTS
Friction torque is one of the most significant performance indicators of the bearing. For the ultrasonic bearings, since they are generally used in the measurement occasion of precision equipment's torque-testing especially within a small range, the bearing's friction torque will influence the testing precision to a great extent. Moreover, the friction torque exerts an impact on the bearing's temperature rise characteristics and power consumption performance especially when the bearing runs at a high speed. Therefore, it is particularly necessary to get the bearing's friction torque by means of experimental methods.
A. TESTING EXPERIMENTS ON THE BEARING'S FRICTION TORQUE AT LOW SPEEDS
Since the process at start/stop or low-speed stage is a transient and non-stationary random process, the friction characteristics at start/stop and low-speed stages become complicated. In order to take the bearing's staring torque and low-speed torque into account together, the pendulum balance method is proposed, the operating principle of which is shown in the Fig. 2 . A pendulum rod is connected on the rotor. At the position of the pendulum rod's mass center, a laser emitter is installed on the pendulum. Under the levitation of the bearing, the rotor can rotate free, and drive the pendulum to swing back and forth. According to energy conservation law, the pendulum will return the initial position after k times swings, unless acted upon by an external force. However, that is not the case as a result of the existence of the bearing's friction torque. For the sake of reducing the influence of the air resistance, the thickness of the pendulum is designed as 2 mm, and a small laser emitter is chosen in the experiment. As shown in Fig. 2 , the pendulum's swing process: A → C → D → C → B is defined as one time swing. The mass center of the pendulum coincides with the source point of the laser emitter. Ignoring the air resistance, the energy consumption W 1 produced by the bearing's friction torque during is
where m r , y 1 , and y 2 are the mass of the pendulum, the initial vertical distance from mass center's position of the pendulum to the bearing's center, and the vertical distance from the first return position of the pendulum's mass center to the bearing's center, respectively. Given that the energy attenuation between the adjacent two swings is uniform, the energy consumption W k after the pendulum's k times swings is
where T r , β 1 , β k+1 , and y k+1 are the bearing's friction torque, the angle between the pendulum at initial position and the vertical direction, the angle between the pendulum at the position after k times swings and the vertical direction, and the vertical distance from the kth return position of the pendulum's mass center to the bearing's center, respectively. According to the geometrical relation described in the Fig. 2 , the β 1 , and β k+1 can be expressed as
where H 0 , R S , l 1 , l k+1 , s 1 , and s k+1 are height of the bearing center, the distance from pendulum's mass center to the bearing center, the optical distance when the pendulum is at the initial position, the optical distance when the pendulum at the kth return position, the distance from the initial laser dot E to the point G, the distance from laser dot P to point G when the pendulum at the kth return position. Based on the Eq. (2) and (3), the bearing's friction torque can be derived as
where the expression of ψ is
It is clearly seen form Eq. (4) that the bearing's friction torque can be figured out if the values of k and l k+1 or s k+1 are known. Before the experiment, the distance s 1 from the point E to point G is recorded first. On the ground, point P is designated in advance, and the distance s k+1 is measured. Then the pendulum is released from the initial position. The swing number of times k of the pendulum swinging from the initial position to the designated spot is recorded. The parameters used in experiment are listed in Table 1 . In order to guarantee the accuracy of the experimental results, ten times experiments are conducted. The swing number of times k of the pendulum in every experiment and the bearing's friction torque calculated using Eq. (4) are listed in Table 2 . The test and calculated results show that the mean swing number of times k is 74.4, and the average friction torque of the bearing is about 2.46 µNm. The rotary speed of the rotor during pendulum's swing process above is observed by Phantom V12 highspeed camera. The observation result as shown in the Fig. 3 illustrates that the rotor's rotational speed ranges from 0 to 80 r/min.
B. TESTING EXPERIMENTS ON THE BEARING'S FRICTION TORQUE AT HIGH SPEEDS
According to the Newton inner friction law, the bearing's friction torque is related to the gas viscosity, the overlapping area between the bearing and rotor, and the rotary speed of the rotor. With the increase of rotary speed, the bearing's friction torque will become large. The friction torque of the bearing can be acquired by current feedback from motor driver when the rotary speed exceeds 2000 r/min. The torque measurement scheme for the bearing running at high speeds is shown in Fig. 4 .
The ultrasonic bearing is driven by a Maxon motor, and the motor driver can obtain the current in the motor in real time. The current signal is transmitted to a computer through a data acquisition (DAQ) card. If we know the torque coefficient, we can get the real-time torque on the motor output shaft. The motor adopted in the experiment is a product of Maxon ECX SPEED series. The nominal speed of this motor is 64900 r/min, and its maximum continuous torque is 13.9 mNm. The torque's resolution value of the motor driver's analog output is about 8 µNm. During the experiment, the motor's no-load torques T 0 under different rotary speeds are tested in advance, and then the rotor is connected to the motor by a flexible coupling, so that the whole system's friction torques T S are acquired. If the coupling's air resistance and measuring error are neglected, the friction torque T B between the bearing and the rotor is achieved, that is T B = T S − T 0 . 5 shows the relation between friction torques and rotary speeds under different working conditions. The experimental data illustrates the friction torque increases along with the increasing of the rotary speed. When the rotary speed reaches to 20000 r/min, the friction torque of the bearing becomes about 120 µNm. The main factors affecting the bearing friction torque at a high speed include the dynamic viscosity of flowing gas, the contact area between the rotor and the air in the gap, and the velocity gradient between the rotor surface and the inner ring's surface of the bearing. According to the Newton inner friction law, the velocity gradient will become large when the rotor's rotational speed raises, and then, the friction torque of bearing also increases. Since the gas's flowing state is subject to the rotor's rotary speed, as well as the high-frequency vibration of the bearing's inner ring, the variation of the velocity gradient is nonlinear. Thus, the friction torque of the bearing increases nonlinearly. During the experiment, the windage loss of the connecting shaft between the rotor and the motor is not taken into consideration on account of the difficulty of the quantization of this friction torque component. Therefore, the real friction torque between the rotor and the bearing is smaller than the measured value in the experiment.
IV. EXPERIMENTAL STUDY ON RUNNING STABILITY AT HIGH SPEEDS
The previous investigation have proved that the proposed ultrasonic bearing has the capability of self-aligning in the radial direction. This ability will contribute to the bearing's running stability at high speeds. Even so, there still are many key factors leading to the loss of stability that can not be neglected such as deviation of the three transducers' output characteristics, the rotor's dynamic unbalance, gas film oscillation caused by the rotor's form error and surface roughness, axiality tolerance between the motor shaft and the rotor, etc. When the rotary speed reaches a certain magnitude, one or more aforementioned factors will exist a significant impact on the bearing's stability.
A. EXPERIMENTAL APPARATUS AND MEASURING PRINCIPLE
An effective method to judge the ultrasonic bearing's running stability is to track the rotor center's moving trajectory, and analyze the trajectory signal's time-frequency spectrum characteristics. In order to acquire the rotor center's orbits, a measuring scheme as shown in Fig. 6 is presented. The rotor is connected to a motor with a flexible coupling ensuring the rotor moving freely within a certain scope in radial direction. In other words, the force to bend the rotor in a small range is so small that it can be neglected. By recording the radial run-out of the rotor's overhanging end, the eccentric distance of the rotor can be calculated indirectly according to the geometric relationship expressed by Eq. (6).
where δ r , r , L c and L s are the eccentricity distance of the rotor center, the radial run-out of the rotor's overhanging end, the length of the overhanging end and the distance from the coupling to the rotor center. The rotor center orbits are obtained if two laser displacement sensors are used to acquire the rotor center's deviation in x and y directions respectively. The arrangement of the laser displacement sensors is shown in Fig. 7(a) and (b) shows the experimental apparatus. For purpose of avoiding the interference of external vibration, the experiment is conducted on a vibration isolation platform.
Before the motor starts, the rotor should be levitated in the center of the bearing first. If the flexible coupling's radial force to the rotor is neglected, the force analysis is obtained shown in Fig. 8(a) . The rotor is subjected to four forces: the levitation forces of the three transducers and its own gravity. The four forces constitute a system of plane intercrossing forces. According to the piezoelectric driving theory, the excitation voltage on the transducer decides the output vibrating amplitude of the bearing's inner ring, and then the vibrating amplitude decides the bearing's levitation force. Therefore, the force F 2 will equals to F 3 if the voltage U 2 is equal to U 3 . In this case, the rotor center's displacement in x direction is zero. By adjusting the voltage U 1 on the transducer No. 1, the rotor center's displacement in y direction adjusted to zero. In this way, the rotor's center will coincide with the center of the bearing's inner ring. For the sake of ensuring the accuracy of above regulating process, the experiment aimed at confirming the relation between the transducer's driving voltages and output vibrating amplitudes of the bearing's inner ring is conducted. The testing experiment's result shown in Fig. 8(b) demonstrates that the good linearity between the driving voltages and output vibrating amplitude is achieved. Through the residual plot, the linearity error can be calculated. The maximum linearity error is about 6.67%. The main reasons causing the experimental error are derived from the change of the ceramics' thermal characteristics when the temperature is too high and the impedance matching accuracy between the ceramics driver and the piezoelectric transducer.
The parameters of the ultrasonic bearing-rotor system used in the experiments are shown in the Table 3 .
B. OPERATIONAL STABILITY EXPERIMENTS AT HIGH SPEEDS
For engineering purpose, if the rotor's eccentricity distance ε does not exceed the bearing's maximal safety limit ε max , and it does not increase with time, the bearing-rotor system is called in the state of engineering stability. The bearing's maximal safety limit ε max is decided by the bearing inner ring's vibration amplitude a 0 , the clearance between the bearing and the rotor c r , and the surface roughness of the bearing and the rotor R Z 1 and R Z 2 . Taking the size and shape precision into account, the value of ε max should be smaller than c r −a 0 −(R Z 1 +R Z 2 ). A criterion for judging the bearing's engineering stability is given as follows.
1) When ∂ε/∂t = 0 and ε ≤ ε max , the rotor's center is on a specific limit cycle. This case is called stability in the Lyapunov stability theory; 2) When ∂ε/∂t < 0 and ε ≤ ε max , the rotor is running in a stable state. This is called asymptotic stability in the Lyapunov stability theory;
3) When ε > ε max , the rotor is running in unstable state. The start or stop process for the rotor is a transient and random process. When the rotor is staring or stopping, the rotor's dynamic unbalance and eccentricity will cause huge instant impact force, which may exceed the bearing's maximal levitation force, and lead to the rub-impact between the bearing's inner ring and the rotor. Therefore, the stabilitytesting experiments during the bearing's staring or stopping process are necessary.
In the experiment, the maximal eccentricity distance of the rotor center is measured to judge whether rub-impact occurred or not. Four different starting speeds: 4000 r/min, 6000 r/min, 8000 r/min and 10000 r/min are adopted, and the acceleration time for the rotor from 0 to 10000 r/min is less than 200 ms. The rotor center's eccentricity distances a x and a y in the horizontal and the vertical directions are calculated according to the two laser displacement sensors' recorded data and the Eq. (3). The absolute value of eccentricity distance ε is √ a x + a y . In the experiment, the rotor keeps stationary in the first 4 seconds, and then the rotary speed rapidly increases to a high value. The rotor sustains the speed for 4 seconds, and suddenly stops at time of 8 s. Eccentric amplitude curves under different starting speeds are shown in Fig. 9 .
In order to clearly recognize the rotor's running performance, the experimental results are listed in the Table 4 . It is clearly seen that the eccentricity distance is larger when the transient rotary speed after start or before stop becomes higher. Although the rotary speed rapidly rises to 10000 r/min from 0 r/min or reduces to 0 r/min from 10000 r/min in an instant (less than 200 ms), the bearing's levitation force can resist the rotor's radial impact force. This demonstrates that the bearing has a good staring or stopping performance. The stability of the ultrasonic bearing at the acceleration or deceleration stage can be judged by the time-frequency spectrums of the rotor center's trajectory data. The timefrequency spectrums can clearly reveal the bearing-rotor system's vibration characteristics and reflect the rotor center position's variation amplitudes with the rotary speed and time. Thus, the eccentricity vibration amplitude at a specific rotary speed and a certain time can be acquired through the spectrums.
Based on the Short-Time Fourier Transform (STFT) method [31] , the two-dimensional or three-dimensional timefrequency spectrum of the rotor center's trajectory data can be obtained to evaluate the bearing's running stability at high speeds. In the experiment, three typical acceleration and deceleration curves are chosen. They are -shaped speed curve, M-shaped speed curve and ladder-shaped speed curve, VOLUME 6, 2018 which are shown in Fig. 10(a) . The sampling frequency of the laser displacement sensor is set as 1000 Hz. According to the data collected by the sensors, the rotor center's trajectory data is obtained. Using STFT method, the threedimensional time-frequency spectrums of the rotor center's orbits under the designated speed are gained which are shown in Fig. 10(b), (c) and (d) . The spectrums illustrate that the dominated signal component of the rotor center trajectory can clearly reflect the rotor's speed characteristics, which means the rotor operates in a relatively stable state. It is also clearly seen from the time-frequency spectrums that the noise signal is increasingly apparent as the rotary speed gradually raises. Therefore, the degree of stability of the bearing reduces with the increasing of the rotor's rotational speed. When the speed reaches limit speed, the bearing-rotor system will become instable.
When the bearing's inner ring contacts with the rotor, the rotor running at high speeds will be in an unstable state. This instability can be reflected in the time-frequency spectrums of the rotor center's trajectory. The noise signals with different frequencies and amplitudes caused by rub-impact will appear in the spectrum, and these noise signals can overwhelm the rotor's normal running signal. In this case, the rotor center's trajectory spectrum can hardly reflect the rotary speed.
In the experiment for the rotor running at the -shaped speed, the excitation on one of the piezoelectric transducers is canceled at time of 12 s, and the operation lasts 1 s. The threedimensional and two-dimensional spectrums of the rotor center's trajectory are acquired which are shown in Fig. 11 . During the time from 12 s to 13 s, lots of noise signals can be clearly seen, which indicates the rotor's unstable running. 
C. ANALYSIS OF INFLUENCE FACTORS AFFECTING OPERATIONAL STABILITY
The analysis of rotor center's trajectory spectrum illustrates that the rotary speed is a key factor to influence the stability of the bearing-rotor system. With the increase of the rotary speed, the stability is reduced. When the rotary speed exceeds the bearing's limiting speed, the rotor will run in an unstable state. The load on the bearing, clearance between the rotor and the bearing, shape and size precision, working environment are the crucial factors affecting the bearing's stability except for rotary speed. The shape and size precision is determined by mechanical processing level, and subtle change of environmental factor is inevitable. Thus, this section is focused on investigating the influence of these controllable factors including the rotary speed, load on the bearing, clearance between the rotor and the bearing on the bearing's stability.
1) ROTARY SPEED'S INFLUENCE ON BEARING'S RUNNING STABILITY
Due to the misalignment between the rotor's principal inertia axis and rotation center line, the imbalance of the rotor will produce centrifugal force. The rotor's centrifugal force F C can be expressed as
where m, e, ω and n present the rotor's mass, eccentricity distance, angular velocity and rotary speed. According to the Eq. (4), the rotary speed exerts a effect on the rotor's running stability. When the rotor runs stably at a high speed, the gravity, centrifugal force and levitation force are in an equilibrium state. The rotor's centrifugal force will become large with the increase of the rotary speed. Thus, this equilibrium state may be broken and the unstable running will occur. In order to observe the rotor's movement characteristics in the deceleration or acceleration stage and at different accelerated speeds, the velocity curve of the rotor as shown in Fig. 12(a) is adopted. The rotary speed increases from 0 to 30000 r/min within 15 s, and then decreases from 30000 r/min to 0 within 5 s. The laser displacement sensors record the eccentricity distance of the rotor center in the radial and axial directions, which are shown in Fig. 12(b) and (c), respectively. Due to the circular runout of the rotor surface and assembly error of the system, the initial eccentricity distance of the rotor in the horizontal and vertical directions are 18 µm and 17 µm. With the increase of rotary speed, the eccentricity distance of the rotor center becomes large. When the rotary speed is 30000 r/min, the eccentricity distance reaches to the maximal values which are 28 µm and 27 µm in the horizontal and vertical directions, respectively. With the decrease of the rotary speed, the eccentricity distance falls back to the initial value.
2) LOAD'S INFLUENCE ON BEARING'S RUNNING STABILITY
In the experiments, the mass of the rotor represents the load on the bearing. When the gravity of the rotor is larger than the bearing's levitation force, the running stability of the rotor will be affected. In order to investigate the levitation load's influence on the rotor's running stability, the rotors with same structural dimensions but different materials are adopted to simulate different levitating loads. The aluminium alloy, magnesium alloy and nylon are chosen as the rotors' materials. The mass of them are 23 g, 15 g and 9 g, respectively. The outer diameters of the rotors are 19.94 mm, and the diameter of the bearing's inner ring is 20.03 mm. The rotary speed of the rotor is set as 10000 r/min. The rotor center's orbit within 5 s is captured for each rotor, and the eccentricity distance of the rotor center is observed. The rotor center's orbits of the three rotors are shown in Fig. 13 . The eccentricity distance of the rotor with a material of aluminium alloy is about 25 µm. For roters with the materials of magnesium alloy and nylon, the eccentricity distances are 23 µm and 20 µm, respectively. The width of the ring band in the figure indicates the fluctuating value caused by the rotor's machining surface quality, assembly error and sensor accuracy. Therefore, if the rotary speed is constant, the rotor's eccentricity will become large with the increase VOLUME 6, 2018 of the levitating load. As a result, the running stability of the bearing-rotor system will be reduced.
3) CLEARANCE'S INFLUENCE ON BEARING'S RUNNING STABILITY
According to the criterion for judging the bearing's engineering stability, the clearance between the bearing and the rotor directly affects the bearing's running stability. The study on the clearance's influence on bearing's running stability can guide the design of the bearing's clearance.
In the experiment, the bearing inner ring's diameter is kept constant that is 20. of 10000 r/min, and the eccentricity distance of the rotor center is observed. For purpose of ensuring the experimental data's reliability, ten times experiments are conducted for each assembly combination of the bearing and rotor.
The experimental result is shown in Fig. 14 . Generally, the rotor's eccentricity distance becomes large with the rise of the diameter clearance. When the diameter clearance is 60 µm, the rotor's eccentricity distance is about 12 µm. While the rotor's eccentricity distance reaches to 53 µm when the diameter clearance is 150 µm. Based on the previous research on the relation between the levitation force and the levitation height, the levitation force of the bearing will become small when the diameter clearance becomes large. Thus, the amplitude of the rotor's swing will rise with the increase of the clearance in the premise that the mass of the rotor, the initial eccentricity and the rotary speed are constant.
D. MEASURES IMPROVING THE BEARING'S OPERATIONAL STABILITY
Only when the bearing-rotor system meets the criteria of engineering stability can the rotor be stably suspended in the bearing hole and not contact with the bearing inner ring. However, when the levitating force is unable to guarantee the bearing's running in a stable state, the rotor will contact with the bearing. Fig. 15(a) and (b) show two kinds of rotor center's orbits under unstable running state. In the Fig. 15(a) , two elliptic trajectories appear in the rotor's orbit, which means the rub-impact takes place at some local points. In this case, the rotor contacts with the bearing inner ring in a moment and the instantaneous impact force produces the rotor's violent oscillation. If any improvement measure is not taken when the situation above occurs, the rotor will scrape the bearing inner ring over a large area as shown in Fig. 15(b) . Eventually, the bearing inner ring is damaged.
The ultrasonic bearings are mainly used in the high-speed micro-miniature power devices and the torque-testing devices within a small range. Exploring the measures improving the bearing's running stability will provide technical supports for application in the high-speed and high-precision occasions.
Based on the spectrum analysis on the rotor's nonlinear behavior and the investigation on the factors influencing the bearing's running stability, some effective measures that can raise the bearing's stability are proposed. These measures are: 1) Improving the machining surface quality of the bearing inner ring and the rotor.
2) Ensuring the consistency of the three piezoelectric transducers' output characteristics.
3) The speed of the rotor should be under the limiting speed, and the load in the radial direction should be in the scope of bearing's load-carrying capacity.
4) Under the allowance of motion precision, the vibration amplitude of the bearing inner ring should be appropriately increased.
5) Strictly controlling the external environment in which the bearing is running.
V. CONCLUSION
With regard to the proposed ultrasonic bearing with bidirectional load-carrying capacity, the radial direction is the principal direction to support loads. The friction characteristics and running stability in the radial direction are studied in this article. In order to investigate the bearing's friction torque at the start/stop and low-speed stages, pendulum balance method is adopted. The experiment result reveals that the bearing's friction torque is about 2.5 µNm when the rotor swings in the range from 0 to 80 r/min. The friction torques at high speeds are also measured by current feedback. The friction torque reaches to 120 µNm when the rotary speed is 20000 r/min. The running stability at starting or stopping stage and at high speeds is investigated. The experimental data illustrate that the bearing shows a good performance at starting or stopping stage. The time-frequency spectrum analysis to the rotor center's orbits demonstrates that the bearing can run stably in speed-down and speed-up process if the maximal rotary speed of the rotor is under its limiting speed. Moreover, some key factors including rotary speed, load on the bearing and diameter clearance are chosen to investigate their influence on the bearing's running stability. The results prove that the bearing's running stability will reduced with the increase of the rotary speed, loads on the bearing or the diameter clearance. Eventually, some effective measures to improve the bearing's running stability at high speeds are proposed to guide the bearing's engineering application.
